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[57] ABSTRACT

A multilevel inverter system having four or more levels of
output voltage on each inverter output line. The voltage
across each of three or more series connected DC bus
capacitors is provided to an inverter which is formed to have
redundant switching states, such as a plurality of controlled
switching devices and diodes connected in a diode-clamped
multilevel inverter configuration. The switching of the
switching devices is controlled to provide a selected output
voltage waveform utilizing redundant switching states,
when such states are available on each voltage transition, by
selecting a one of the available switching states that serves
to provide the desired phase-to-phase voltages and to tend to
equalize the voltages across the DC bus capacitors. Active or
passive rectifiers may be used to provide the DC voltage
across the DC bus lines and across the DC bus capacitors.
Separate rectifiers may be provided for each capacitor which
are supplied from secondaries of transformers connected to
the three phase input lines to provide isolation and voltage
level adjustment. The multilevel inverter system provides
output voltage waveforms with lower total harmonic distor-
tion that conventional two or three level inverters, while
maintaining voltage balance across the several DC bus
capacitors.
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DC BUS VOLTAGE BALANCING AND
CONTROL IN MULTILEVEL INVERTERS

This invention was made with United States government
support awarded by the following agency: NSF Grant No:
9510115. The United States has certain rights in this inven-
tion.

FIELD OF THE INVENTION

This invention pertains generally to electrical power con-
version systems and particularly to multilevel inverters.

BACKGROUND OF THE INVENTION

Variable frequency inverter drive systems are increasingly
used for driving electrical machines. A typical drive has two
or more stages of power conversion, including a rectifier to
convert AC power to a constant or variable DC voltage, and
an inverter for the conversion of the DC voltage to AC
power of variable frequency and controlled voltage to pro-
vide the desired excitation to the electric machine. Improve-
ments in semiconductor power devices have enabled sig-
nificant improvements in such drives, as has the availability
of faster microprocessors and digital signal processors
(DSPs). Variable frequency drives are of particular impor-
tance for driving large industrial motors and traction motors
for vehicles. The most common types of variable frequency
drives have been current source inverters, conventional
six-step voltage source inverters, or cycloconverters
(particularly for low speed operation). Such traditional
approaches have generally suffered from the limitations of
high device voltage ratings and relatively poor output wave-
form quality, with a substantial harmonic content present in
the output waveform. The availability of improved high
speed semiconductor switching devices has stimulated con-
sideration of other inverter configurations that enable the
synthesizing of output voltages with lower distortion and
improved waveform quality.

Several inverter topologies have been proposed to allow
the realization of multilevel output voltage waveforms that
more closely replicate the desired fundamental sine wave.
Such approaches include, e.g., the flying capacitor topology,
J. S. Lai, et al., “Multilevel Converters—A New Breed of
Power Converters,” Proc. IEEE-IAS’ 95 Conf., pp.
2441-2548; the use of cascaded H-bridges, which has been
successfully implemented in commercially available large
drives (3000—4000 HP) and some static VAR compensators,
F. Z. Peng, et al., “A Multilevel Voltage Source Inverter with
Separate DC Sources for Static VAR Generation,” Proc.
IEEE-IAS’ 95 Conf., pp. 2541-2548; and the so-called
“Vienna” rectifier topology which uses only three active
switches, J. W. Kolar, et al., “Current Handling Capability of
a Neutral Point of a Three-Phase/Switch/Level Boost-Type
PWM (Vienna) Rectifier,” Proc. IEEE-PESC’ 96 Vol. 2, pp.
1329-1336. Partially active rectifier topologies have also
been demonstrated, Y. Phao, et al., “Forced Commutated
Three-Level Boost Rectifier,” IEEE Trans. on Industry
Applications, Vol. 31, No. 1, January/February 1995, pp.
151-161.

Another type of multilevel drive configuration, based on
a neutral point clamped inverter topology, is described in a
paper by A. Nabae, et al., “A New Neutral Point Clamped
PWM Inverter,” IEEE Trans. on Industry Applications, Vol.
IA-17, No. 5, September/October 1981, pp. 518-523. See
also, U.S. Pat. Nos. 4,135,235, 4,167,775 and 4,220,988 to
Baker and Baker, et al. The neutral point clamped (NPC)
topology is an extension of the conventional voltage source
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inverter but with the possibility of doubling the voltage
rating because the clamp diodes serve to limit the voltage
stress on each device. A three level NPC converter is capable
of producing 19 voltage vectors as opposed to the 7 vectors
of conventional voltage source inverters. The NPC inverter
provides “redundant switching states” because there are
multiple means of generating some of the voltage vectors.
The greater number of voltage vectors implies that, for a
constant device switching frequency, the voltage total har-
monic distortion from the NPC inverter should be lower than
for a conventional voltage source inverter. Multilevel invert-
ers of this type also have additional advantages that are very
significant in high power applications. One example is that
the dv/dt stresses on the switching devices are reduced and,
in addition, the lower voltage steps at each switching event
reduces the wear and tear on the winding insulation, thus
improving long-term reliability. Reduced voltage waveform
distortion reduces the output filtering requirements, resulting
in additional cost savings. The NPC inverter topology can be
implemented in inverters having greater than three levels,
which are commonly referred to as diode clamped multilevel
inverters (DCMLI). Because of the inherently higher voltage
capabilities of such inverters, they have initially found
applications in power utilities as static VAR compensators.

For a given system voltage rating and number of levels,
it can be shown that the DCMLI topology has the minimum
possible total active switch rating, a very significant perfor-
mance and cost component of high power drives. While
three level inverters have been common, four level and
higher level inverter systems have also been proposed; see,
e.g., Gautam Sinha, et al., “A Four Level Rectifier-Inverter
System for Drive Applications,” Proc. IEEE-IAS’ 96 Conf.,
1996, pp. 980-987.

Multilevel drives use two or more DC bus capacitors
connected in series across the outermost DC bus lines from
the rectifier, with the multilevel inverter connected to
receive the DC power across each of the capacitors, each of
which forms one of the voltage levels in the output voltage
waveform. Unequal power draw from the capacitors can
lead to unequal voltages across the capacitors, and conse-
quent deviation of the output voltage waveform from the
desired waveform. Three level inverters have been reported
which overcome the capacitor voltage balancing problem in
various ways, including utilizing inverter switching strate-
gies based on look-up table values, Jie Zhang, “High Per-
formance Control of a 3 Level IGBT Inverter Fed AC
Drive,” Proc. IEEE-IAS’ 95 Conf., 1995, pp. 22-28; by the
addition of zero sequence components, J. K. Steinke, “Con-
trol Strategy for a Three Phase AC Traction Drive with
Three Level GTO PWM Inverter,” Proc. IEEE-PESC’ 88
Conf., 1988, pp. 431-438; and through a combination of
space vector control and redundant state selections, A.
Nabae, et al., supra. While such schemes have been utilized
for three level inverters, they are not readily extended to four
and higher level inverters. Four level inverters have the
advantage of permitting the use of smaller, hence lower cost,
devices, and offer the possibility of being more directly
connected to high voltage supply lines since each device is
required to switch a smaller fraction of the total supply
voltage. However, unbalances in the capacitor voltages can
produce unequal device stresses in the inverter, which can
lead to device failure as well as degradation of waveform
quality.

SUMMARY OF THE INVENTION

In accordance with the invention, a multilevel inverter
system is provided which allows high voltage, high power



6,031,738

3

applications with low total harmonic distortion in the output
waveforms. Four level and higher level inverter systems
incorporating the invention allow the use of lower rated and
thus lower cost switching devices. The inverter is operated
to make use of available redundant switching states to
synthesize the desired output waveforms while also tending
to balance the voltages across the series connected DC bus
capacitors that supply voltage to the inverter. The balancing
of the voltages across the DC bus capacitors in accordance
with the invention reduces the stresses imposed on the
switching devices in the inverter as well as improving the
waveform quality by maintaining the capacitor voltages near
their nominal values.

The inverter system in accordance with the invention
includes at least three DC bus capacitors connected in series
at nodes between the capacitors and across the high and low
DC bus lines. A rectifier is connected to the DC bus lines to
supply rectified DC power thereto. The rectifier can be a
passive rectifier converting AC power at its input to a DC
power across the bus lines or an active two level or multi-
level rectifier providing controlled DC voltage across each
of the capacitors individually. For isolation and voltage
control, transformers may be connected between the AC
power system and the rectifier to supply AC power to
individual rectifiers for each capacitor.

The multilevel inverter is connected to the high and low
DC bus lines and to bus lines connected to the nodes
between the capacitors. The inverter has redundant switch-
ing states, and may be formed, for example, of a plurality of
controlled switching devices and diodes which are con-
nected in a diode-clamped multilevel inverter configuration
to provide three-phase power on three output lines with at
least four voltage levels on each output line. The inverter is
controlled by a controller that receives signals indicative of
the voltages across the DC bus capacitors and the load
currents, and the controller is connected to the switching
devices of the inverter. The controller controls the switching
of the switching devices to provide a selected output wave-
form at the output lines by utilizing redundant switching
states of the inverter, when such states are available, on each
output voltage transition. The control means selects a one of
the available redundant switching states that serves to pro-
vide the desired phase-to-phase voltages and to tend to
equaline the voltages across the DC bus capacitors.

A criterion for determination of the switching state to be
utilized for a four level inverter is evaluation of the quantity
Q=AV_, [+AV_, L+AV_; L5, with a one of the available
redundant switching states being selected for which the
quantity Q is =0, wherein AV, AV, and AV, are the
respective differences between the measured voltage across
each capacitor and the nominal target voltage across each
capacitor, and I;, I, and I; are the DC bus currents for four
level inverter systems having three series connected capaci-
tors determined for the load currents and corresponding to
the selection of a particular switching state.

While the use of the foregoing criterion will tend to
balance capacitor voltages under most conditions, it will not
rigorously guaranty that capacitor voltages will be driven
toward balance under all conditions. In accordance with the
invention, a criterion for a sufficient condition for voltage
balancing is that Q (h,, h,, h)=max {AV_ji.,, AV ,i.,,
AV i3} =0, where max { } means the maximum of the set
within the brackets and i_;, i.,, and i are the capacitor
currents determined based on load currents and the particu-
lar switching state being evaluated. This criterion may be
extended to higher level inverters. For an n level inverter:

h,, by, b=0,1, ..., 0-1
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The switching state is preferably selected for which Q (h,,
h,, h.) is most negative, which corresponds to the state
which will drive the capacitor voltages toward balance most
quickly.

The capacitor voltages used to evaluate the foregoing
criteria may be obtained from, e.g., direct measurements of
the voltages across the capacitors. The DC bus currents
(which are an indication of the capacitor currents) or the
capacitor currents may be derived from measurements of the
load currents and the switching state of the inverter.

At lower modulation depths, typically less than a selected
modulation depth value of about 0.7, the inverter is prefer-
ably controlled to switch under pulse width modulation, e.g.,
sine-triangle pulse width modulation. At higher modulation
depths, the inverter may be controlled to switch under space
vector modulation, for example, at four level space vector
modulation where redundant states are available, and at two
level space vector modulation at the highest modulation
depths where redundant states are not available.

Further objects, features and advantages of the invention
will be apparent from the following detailed description
when taken in conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

In the drawings:

FIG. 1 is a block diagram of a multilevel inverter drive
system in accordance with the invention.

FIG. 2 is a schematic diagram of a four level inverter drive
system in accordance with the invention.

FIG. 3 is a graph showing an exemplary waveform of the
line-to-line voltage developed by the four level inverter of
the invention.

FIG. 4 is a diagram showing the available switching states
of a four level inverter in accordance with the invention.

FIG. 5 is a simplified circuit schematic showing the
currents through and voltages across the DC bus capacitors
for state (210) of the four level inverter.

FIG. 6 is a simplified circuit schematic showing the
currents through and the voltages across the DC bus capaci-
tors for state (321) of the four level inverter.

FIG. 7 is a diagram illustrating the switching states used
in the modified four level space vector switching scheme in
accordance with the invention.

FIG. 8 are diagrams illustrating the load phase current
spectra of the output of a four level inverter in accordance
with the invention under four level pulse width modulation
(PWM) and four level space vector modulation, and also a
diagram of the spectrum for the output of a conventional
inverter operating under two level PWM.

FIG. 9 is a diagram illustrating the selection of a voltage
vector in the multilevel inverter of the invention.

FIG. 10 are diagrams showing the carrier and reference
voltage waveforms and phase A switching functions for a
four level PWM modulated inverter in accordance with the
invention.

FIG. 11 is a diagram illustrating switching state selection
utilizing space vector modulation in accordance with the
invention.

FIG. 12 are waveform diagrams for an exemplary load
illustrating the inverter pole voltage, the motor phase
voltage, and the phase current using the modified space
vector switching scheme.

FIG. 13 are diagrams showing the dq voltage vectors
selected at the same operating point by the PWM and space
vector strategies.
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FIG. 14 is a block diagram showing the implementation
of the controller for the inverter system in accordance with
the invention.

FIG. 15 is a block diagram illustrating the PWM analog
sub-circuit block for the controller of FIG. 14.

FIG. 16 is a more detailed block diagram illustrating the
gate signal generation (decoder) sub-circuit of the controller
of FIG. 14.

FIG. 17 is a more detailed block diagram of the protection
circuit block shown in FIG. 16.

FIG. 18 is a part of the flow diagram illustrating the way
in which region detection is carried out by the controller in
space vector modulation.

FIG. 19 is a schematic circuit diagram showing a four
level rectifier-inverter drive system having an active rectifier
in accordance with the invention.

FIG. 20 is an illustrative diagram illustrating a modified
hysteresis band switching scheme for the active rectifier of
FIG. 19.

FIG. 21 are diagrams illustrating the voltage balancing
priority switching events for the rectifier of FIG. 19.

FIG. 22 is a diagram illustrating the current regulation
priority switching events for the rectifier of FIG. 19.

FIG. 23 is a block diagram illustrating the implementation
of the controller for the controlling of the switching devices
of the active rectifier of FIG. 19.

FIG. 24 is a schematic diagram of an inverter drive system
utilizing an input transformer having a three-phase primary
and three single-phase secondaries connected to separate
rectifiers for each DC bus capacitor.

FIG. 25 is a circuit schematic diagram for an inverter
drive system in accordance with the invention having three
separate three-phase input transformers connected to the
main three-phase AC power system, and connected to sup-
ply power to three separate three-phase rectifiers which
individually supply voltage to the DC bus capacitors.

DETAILED DESCRIPTION OF THE
INVENTION

Multilevel inverters are well-suited to, and thus are
increasingly used in, high voltage, high power applications,
especially for utility power conversion. Three level inverter
drives are also being increasingly used as high power
induction motor drives. Four level (and higher level) drives
have the additional advantage over three level drives of
permitting the use of even lower rated, lower cost switching
devices. Link voltage balancing is a serious constraint in the
operation of such multilevel inverter based drives. In
particular, it is known that at higher modulation depths, the
four level inverter loses its capability to generate low
distortion voltage waveforms and concurrently balance the
DC link capacitor voltages, leading to poor DC bus voltage
regulation and device utilization. The present invention
enables an inverter of four or higher levels to achieve desired
output voltage generation while obtaining link voltage bal-
ancing at higher modulation depths, reducing the cost, and
improving the performance of the drive, thereby making
such multilevel drive configurations much more viable for
high performance applications such as high power industrial
and traction drives.

For purposes of exemplifying the invention, the basic
structure of a four level inverter drive system in accordance
with the invention is shown generally in FIG. 1. It is
understood that the present invention can be implemented in
five level and higher level inverter systems. Power from a
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three-phase source 30 (e.g., utility power) is supplied on
input lines 31 to a rectifier 32. The rectifier 32 provides DC
power on high and low DC bus lines 33 and 34 across which
three DC bus capacitors 36, 37 and 38 are connected in
series. Depending on the structure of the rectifier 32, recti-
fied DC power at intermediate voltage levels may be sup-
plied to the node 40 between the capacitors 36 and 37 and
to the node 41 between the capacitors 37 and 38. The high
and low DC bus rails 33 and 34 are connected to a four level
inverter 45 which provides three-phase output power on
output lines 46 to a three-phase load 47 (e.g., a motor). The
voltages at the nodes 40 and 41 are also provided to the
inverter 45 by intermediate DC bus lines 35. A controller 50
is connected by sensing lines 51 to the DC bus rails 33 and
34 and to the DC bus lines 35 connected to the nodes 40 and
41 to provide signals indicative of the voltage across the
capacitors 36, 37 and 38. The controller 50 may also receive
signals on lines 52 from current sensors 53 on the output
lines 46 which indicate load currents, and which thus are
indicative of currents through the DC bus capacitors, as
discussed further below. The controller 50 provides output
signals on lines 54 to the controlled switching devices within
the inverter 45 to generate the desired three-phase output
voltages on the output lines 46 and, in accordance with the
invention, to switch in a manner such that the voltages
across the DC bus capacitors 36, 37 and 38 are substantially
balanced. In an optional configuration of the invention, the
rectifier 32 may include active switching devices which are
also controlled by the controller 50 with control signals
provided on output lines 56.

The implementation of an illustrative four level inverter
with a passive rectifier 32 in accordance with the invention
is illustrated in FIG. 2. The rectifier 32 is formed of a full
bridge of diodes 57 which rectifies the input power from the
source, e.g., three-phase utility power at 480 V, 60 Hz, to a
DC voltage, V-, which is applied across the high and low
DC bus lines 33 and 34. For braking purposes, a power
dissipation resistor 58 and controlled switch 59 are con-
nected across the DC bus lines 33 and 34 to allow selective
discharge of power. The voltage across the lines 33 and 34
distributes across the three series connected capacitors 36,
37 and 38, which all preferably have the same nominal
capacitance value. A diode (not shown) may be connected in
antiparallel with each of the capacitors 36-38 to provide
protection for the capacitors during power down where a
passive rectifier as illustrated in FIG. 2 is used. The inverter
45 is a multilevel inverter with redundant switching states.
For exemplification, the inverter 45 may be arranged in a
diode clamped multilevel inverter topology composed of
controlled switching devices 60, ¢.g., insulated gate bipolar
transistors (IGBTs), with anti-parallel diodes connected
around each switching device. The inverter 45 is connected
to the DC bus lines 33 and 34 and pairs of switching devices
60 are connected via diodes 62 and the bus lines 35 to the
nodes 40 or 41. An example of the multiple-step line voltage
developed between any two of the output lines 46 of the
inverter 45 is shown by the graph labeled 64 in FIG. 3.

The inverter modulation scheme for controlling the
switches 60 determines the output voltage that the inverter
45 develops. In a four level diode clamped inverter, a voltage
vector may be developed by up to four equivalent switching
states, which are termed redundant states, as shown in FIG.
4. Redundant states, however, differ in the charging current
they produce in the capacitors 36—-38. For example, referring
to FIG. 5, selection of state (210) leads to the following DC
bus currents: Io=i_, I,=i,, I,=i, and I;=0; (where i, i, and i,
are the load currents) but its redundant state (321) produces
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DC bus currents 1,=0, I,=i1_, I,=i,, [;=1, as shown in FIG. 6.
Both switching states, however, produce the same output
voltage vector (V,z=Vpe/3, Vee=Vpef3, Vea==2 Vp/3)
and, to the load, are indistinguishable. For this example, it is
seen that if i >0, i,<0, i_<0 then selecting state (210) will
produce no change in the capacitor 38 voltage V5, will
charge up the voltage V., across capacitor 37, and will
discharge the voltage V., across the capacitor 36, whereas
selecting state (321) will charge up the capacitor voltage
V3, discharge the capacitor voltage V., and the capacitor
voltage V., will stay unchanged.

In accordance with the invention, a first criterion for
balancing capacitor voltages is to evaluate the quantity
Q=AV_, [,+AV_, L+AV_; L; for each new switching state.
If the inverter is required to produce, for example, line
voltages (V /3, Vpe!f3, =2 Vi, o/3) it can do so by selecting
state (210) or (321) (see FIG. 4). If Q(210)=0, capacitor
charging currents of the appropriate polarity are produced
which tend to balance the link voltages. AV, AV, and
AV, are the deviations of each capacitor voltage from its
nominal set point=V /3, i.e., AV1=V 131 vpo/3, etc. For
instance, if V=651 V and the measured capacitor voltages
are V=225V, V,=205 V and V3=221 V, then AV,=8 V,
AV ,=-12V, AV _,=4V, and Q (210)=0. On the other hand,
if Q(321)<0, selecting state (321) will only exacerbate the
link voltage unbalance and thus this state should not be
selected.

While the use of the foregoing criterion for selecting
switching states will tend to balance capacitor voltages
under most conditions, it will not rigorously guaranty that
capacitor voltages will be driven toward balance under all
conditions. To develop such a criterion, it is noted that each
capacitor voltage deviation and the charging current through
each capacitor should be opposite in polarity at each switch-
ing event to ensure that the capacitor voltages will tend to be
balanced. That is, for each capacitor at the selected switch-
ing state (h,, h,, h.) at a particular time, in terms of the
f:ai)azcitor voltages and currents: AV . 1. (h,, h,, h)=0,
=12, ..., n.

Thus, a criterion for a sufficient condition for voltage
balancing for an n level inverter is that Q(h,, h,, h )=max
{AV i, AVig, .., AVC(n_l).lc(n_l)}EO, where max { }
means the maximum of the set in brackets. For an n level
inverter:

h,, by, b=0,1, ..., 0-1

The switching state is preferably selected for which Q (b,
hy, h.) is most negative, which corresponds to the state
which will drive the capacitor voltages toward balance most
quickly.

The capacitor voltages used to evaluate the foregoing
criteria may be obtained from direct measurements of the
voltages across the capacitors. The DC bus currents or the
capacitor currents for each switching state being evaluated
may be obtained from measurements of the load currents.
For a four level inverter, the DC bus currents I, I, I; can
be calculated from the load currents, i, i, 1., for each
switching state h,, h,, h, as:

I,=3(h,-1)i,+d(h,-1)i,+d(h-1) i,

L,=3(h,-2)i,+d(h,-2)i,+d(h.-2) i,

1,=3(h,,-3)i,+d(h,-3)i,+d(h5-3) i
where d(»0)=0, 5(0)=1.

The capacitor currents i, i.,, .5 can be derived from the
DC bus currents as:

a’
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ies (hau hy, hc) =Lear = I (ha> hy, hc)
ies (hau hy, hc) =Lear = I (h:u hy, hc) -5 (ha> hy, hc)
ics (ha> hy, hc) = Leaer — I (ha> hy, hc) -k (ha> hy, hc) -k (ha> hy, hc)

L,.., is the rectifier DC current (I, in FIGS. 5 and 6) and
(h,, hy, h,) is the inverter switching state. These calculations
are readily extended to higher level inverters and to rectifier
systems supplying power to the intermediate nodes between
the capacitors. By repeating this process of evaluation at
every switching event, link voltage balancing is guaranteed
so long as redundant states are available.

If the inverter is required to produce the largest possible
voltages, the controller must select the switching states
which lie on the outermost hexagon in FIG. 4, for which
redundant states are not available for balancing link volt-
ages. In accordance with the invention, voltage balancing
can then be carried out with a modified space vector modu-
lation scheme which is based on the observation that the
switching states shown in FIG. 7 form a set of benign states
that can be used to balance link voltages. At higher modu-
lation depths, the voltage reference lies in one of the
triangles shown in FIG. 7. The dwell times at each voltage
vector are determined in a manner similar to the two level
inverter space vector modulation case. For example, a
decision regarding selection of either state (120) or (231) is
made by again evaluating Q(120) and Q(231). Since the size
of the triangles is small relative to the hexagon, the voltage
waveform distortions as well as switching losses are low.
The voltage balancing scheme does not add to the average
switching frequency, which is a significant consideration in
keeping losses low. Also, the control is independent of the
type of passive rectifier 32 selected in a particular
implementation, i.e., the balancing algorithm would not
change if a phase controlled rectifier bridge or a 12 pulse
bridge is used.

FIG. 8 illustrates, for comparison purposes, the simulated
load current phase spectrum using four level PWM, four
level modified space vector modulation, and the conven-
tional two level PWM at a specific operating point (90 Hz,
460V, ). It is apparent from these spectra that significantly
fewer harmonics are present in the 4 level PWM and 4 level
space vector modulation as compared to 2 level PWM.

The following discussion explains the theory underlying
DC link capacitor voltage balancing in further detail.

From FIGS. 5 and 6, and generalizing for an n level DC
bus, it can be seen that under nominal operating conditions
the capacitor voltages are balanced, i.e.:

Ver=Veor= ... =Vcn,1=VDC/(”_1) (€]

The DC bus currents I, I, I (or more for inverters with
more than four levels) can be expressed in terms of the phase
switching functions and the load currents, i, i,, i, as:

L,=0(h,—k)i +0(h,~ k)i, +O(h ~k)i. 2
where h,, h,, h.=0,1,...,0-1;k=1,2, ..., n; and 8(0)=1,
3(=0)=0.

The phase switching functions are determined by the
voltage vector required by the modulation process. FIG. 4
shows the available switching states of a four level inverter
in the dqO plane. Referring to FIG. 9, as a result of any
modulation process, if the reference vector lies within the
shaded hexagonal region, it is best approximated by the
voltage vector:
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=

Vbe o1
gds = |1+ j—=

3 NG

It is evident that the required voltage vector can be
produced by two switching states, i.e., (210) and (321). In
the first case, from (2), I;=i,, [,=i, and [,=0, whereas in the
second case I, =i_, I,=i, and I,=i,. A necessary condition for

link voltage balancing is
AV L+AV,I20 (4
v 2V,
where AV, = AV, = Vg — % AV, = Vg + Vep — 226

In equation (4), I,=I,(h,, b,, h), etc., i.e., the DC bus
currents depend on the switching function selected. This
principle can be generalized for an n level DC bus and the
corresponding necessary condition for balancing can be it
stated as:

AV, L+AV,L+ . . . +AV, I, =0 )

Eq. (5) is also a sufficient condition for link voltage
balancing for n=3. For n24, Eq. (5) is a necessary but not
a sufficient condition and cannot guarantee that the DC
voltages will be balanced.

As explained above, a sufficient condition for link voltage
balancing for n=4 is that:

max{AVeyiz, AVaig, . . ., AVc(n—l)ic(n—l)}éo Q)
where i, i, etc. are the capacitor currents for the switch
state selected, calculated from the measured load currents.

Physically, applying (6) corresponds to selecting that
switching state which will not cause an increase in the
voltage unbalance. If this condition is consistently applied,
starting from balanced conditions the capacitor voltages stay
balanced within a tolerance level.

One of the main advantages of the multilevel inverter
(MLI) is that it is able to produce low total harmonic
distortion (THD) voltage waveforms. This is because the
MLI is characterized by a large number of voltage vectors:
(1+3n(n-1)). The distribution of the voltage vectors is best
exemplified by a consideration of the four level inverter
switching states in FIG. 4. It is evident that the density of
voltage vectors is greatest towards the interior of the
hexagon, which corresponds to operation at lower modula-
tion depths (at constant DC bus voltage). However, even at
higher modulation indices, there are still a large number of
voltage vectors, which is the primary reason why the THD
of the MLI voltages is lower than conventional voltage
source inverters. At higher modulation depths, link unbal-
ance is bound to occur. The magnitude of the unbalance
depends on the load power factor, and the modulation depth
controls the rate at which the unbalance increases. In the
following discussion, a multilevel sine-triangle pulse width
modulation (PWM) scheme is used to control the inverters,
since it is representative of most modulation schemes. FIG.
10 shows the carrier waveforms V., V., V., phase A
reference voltage waveform V, .. and phase A switching
function h,, for a four level PWM. According to this scheme,
the phase A switching functions are given by:

h,=3if Ve, ,Efévm,

(7.0)

(7.i0)

=21 = =
ha_2 it Viurr=VYa, ref=Vmur
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=11 = =
ha_l it Viner=Va, ref=Var

(7.ii)

h,=0 otherwise (7.,iv)

The phase switching functions of the other two phases are
similarly defined.

For sufficiently high modulation depths, the average
charge <I,>asymptotically approaches 0. This is consistent
with the fact that for a high enough modulation depth
(m,>1.33), only S, states, i.e., those corresponding to the
two level inverter, are selected and hence no unbalance can
result. At lower m,, although the tendency to unbalance is
greatest, many more redundant states are available to
quickly redistribute the charge.

As the carrier frequency is varied, the dominant unbal-
ancing tendency occurs at lower modulation depths, which
can be easily remedied by redundant state selection. At
higher modulation indices, the tendency to unbalance is not
significantly affected by the frequency ratio, hence the
carrier frequency can be selected to optimize the voltage
THDs and the switching losses rather than balancing the link
voltages.

There is an unbalance introduced due to the asymmetric
currents being drawn from the capacitors. In the limiting
case when only the S5;, S5, and S5, states are used, the
average values of the DC currents are given by:

(A ®
(hy=—(h)= 61mcos¢sm(§]cos(27r/3 —A)

where h=19.11° and, thus

<Eo>=<ig>—<I,>=<i 3>-0.188I,, cos ¢

©)
(10)

<icyp=<icy>—(<br+<l>)=<ic5>

Thus, the middle capacitor 37 tends to discharge faster
than the outer capacitors 36 and 38 under any modulation
scheme for any real load because cos ¢p=0. Also, there is
symmetry in the charging of V., and V5.

In a five level inverter, the tendency of the midpoint node
of the DC bus to drift is much lower than that of the other
two neutral nodes. Again, at lower modulation indices, the
midpoint voltage drift is easily countered by redundant state
selection. Also, the frequency ratio does not produce sig-
nificant variations in the unbalancing characteristics. As
with the four level case, the effect of frequency ratio on the
deviation characteristic is minimal. A feature of the five level
(or any odd number of levels) inverter is that the midpoint
node DC bus voltage does not tend to deviate significantly
from the nominal value. Even though redundant state selec-
tion may eventually re-balance the capacitor voltages, the
ripple on the neutral voltage is larger for n=4. Therefore,
link voltage balancing for n=4 differs significantly from the
neutral voltage drift control in three level inverters.

As discussed above, for the four level inverter at higher
modulation depths, a net charge is drawn from the interme-
diate DC nodes 40 and 41, which eventually leads to
unbalance and shutdown. The following describes an alter-
nate method for balancing the link voltages at higher modu-
lation depths in a four level inverter.

As shown above, with increasing modulation depths,
there are not sufficient redundant states available for redis-
tributing the charges on the link capacitors. Therefore, it is
evident that to improve DC bus utilization two avenues are
available: (i) use only the outermost voltage vectors, i.e.,
states such as (300), (330), (030), (033) and (303). This is
equivalent to a two level operation of the inverter and does
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not make use of the low voltage THD capability of the
inverter; or (ii) make use of only those voltage vectors which
produce appropriate capacitor currents. The latter approach
is based on the observation that the innermost capacitor 37
(C,) tends to discharge most rapidly, whereas the outer
capacitors 36 and 38 (C; and C;) charge up to half the DC
bus voltage. Hence, use must be made of those switching
states which can constantly regulate the C, capacitor voltage
V... The S, states are precisely those switching states
which permit the transfer of charge from the outer capacitors
36 and 38 to the inner capacitor 37. S, states produce equal
current through all capacitors. Therefore, a modulation
scheme which selects only the S,; and S5, states would be
able to improve the DC bus utilization. Appropriate trian-
gular regions are delineated as is shown in FIG. 7. The
reference voltage vector lies in one of the identified 18
regions for modulation depths =0.77. Simulation studies
indicate that conventional sine-triangle PWM schemes work
satisfactorily for selected modulation depths m,=0.7-0.75,
i.e., less than about 0.7, depending on the load conditions.
The modulation depth, m,, is defined as:
‘ph,pk (1

\4
m, =
Vpc/2

where V. is load phase peak voltage.
The voltage reference is derived from the reference modu-
lation depth and angle as:

* *

a ma

m v o 4 (12)
. +
5 Vacco i

Vds = Vo + Vi =

Vgesing*

The space vector scheme can be implemented by gener-
ating the dwell times at the voltage vectors forming the
vertices of the triangle to which the voltage vector belongs
as illustrated in FIG. 10. Thus:

1 _ _ a3
Vs = }(IIV(?)OO) +1,V(210) + 13V (330))

where t,+t,+t;=T, and T=computation interval. The dwell
times in this particular instance can be calculated as:

t,=T 1.5m, cos(6*) 14)

£,=T(3-2.5981m, cos(6*~m/6)) 1s)

(16)

where 0* is the angle made by the reference voltage vector
with respect to the g-axis in the dqO plane. The sufficient
condition balancing criterion of Eq. (6) is used to determine
which of the S, states is to be used. The duty ratios when
the reference belongs to the other regions can be similarly
worked out. Determining to which region the reference
belongs is computationally intensive, but the overhead can
be minimized for non-current regulation (vector control)
schemes. Referring to FIG. 11, if V_,*(kT) belongs to
region 1, V_, *((k+1)T) can lie either in region 1, 13, 2 or
14. This reduces the number of regions to be considered
from 18 to 4. Unlike the four level PWM scheme, not all
voltage vectors of the four level inverter are used. However,
the primary advantage of this strategy is that the size of the
triangles being small, the harmonic content of the output
voltages is still low. It should be pointed out that although
it is possible to create other regions (similar to FIG. 7), the

t;=—-T(2+1.5m,, cos(6*-x/3))
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shapes of such regions are either more irregular (higher
THDs) or the regions do not contain states producing
desirable capacitor charging currents.

For an example load comprising a 230 V/460 V, 8 pole 15
HP induction motor, FIG. 12 shows the inverter pole voltage
V.., the motor phase voltage V,,,, and the phase current i,
for 0.5 rated torque and f.=90 Hz. The computation fre-
quency (1/T) is 720 Hz. FIG. 13 shows the dq voltage
vectors selected at the same operating point by the PWM
(diagram A) and the space vector (diagram B) strategies.
Though the THD is degraded with space vector modulation
as opposed to PWM modulation, voltage balancing cannot
be effected at such high modulation depths using the latter.
For m, less than a selected value, e.g., m,=0.7, conven-
tional PWM is used because sufficient redundant states are
available for balancing the voltages. As the commanded
voltage increases, the modified space vector strategy can be
invoked when the selected modulation depth value (e.g., 0.7)
is exceeded or, preferably, when the voltage unbalance
exceeds a pre-defined limit (typically 5%). This limit should
be greater than the maximum unbalance that the PWM
scheme can correct by redundant state selection. In this way,
the lower THD advantages of PWM operation can be
retained at higher modulation depths (e.g., 20.7) as long as
the voltage unbalance is tolerable. By ensuring that the
changeover from the PWM to the space vector scheme
occurs at the end of a carrier period, the resulting transients
can be minimized.

At very high modulation depths (field weakening region
of an induction motor), the four level space vector modu-
lation makes a seamless transition to two level space vector
modulation. The transition from space vector to a four level
PWM scheme occurs when the capacitor voltage unbalances
are within limits and the modulation depth falls below
selected values, ¢.g., m,=0.67 (for heavy loads) and
m,=0.77 (for light loads). This difference accounts for the
variation in balancing capabilities of the inverter with load
power factor. Reverting to four level PWM once the DC
voltages are rebalanced by space vector modulation, though
possible, is not desirable at heavy loads since the link
voltages are promptly driven back into unbalance.

The spectral performance is intermediate between the
conventional two level inverter and the four level inverter
PWM. FIG. 8 illustrates the motor phase current spectrum
under 4 level PWM, space vector modulation, and with
conventional two level PWM. In every case, the modulation
depth was adjusted to yield a constant fundamental voltage
of 230 V at 90 Hz. The computation step size was selected
to yield approximately the same average switching fre-
quency as in the two level inverter case.

A block diagram of an exemplary control system for
controlling the gate signals to the switching devices of the
inverter 45 is illustrated in FIG. 14. User inputs and refer-
ences and speed feedback are provided to a DSP based
control block 70 which provides command signals to an
analog PWM subcircuit 71. The output of the subcircuit 71
is provided to a DSP based redundant state selector. This
selector receives the measured capacitor voltages and load
phase currents and provides output signals to a decoder 73
which generates the gate drive signals that are provided to
the gates of the switching devices 60.

FIG. 15 is a block diagram of the analog PWM subcircuit
71. A digital signal processing computer 80 may be used to
implement the block 70 for V/F profile generation as well as
the redundant state selection for voltage balancing 72. The
reference frequency is provided to a triangle wave generator
81 which provides its output signal to an offset/gain stage
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82, the output of which is supplied to a comparator stage 83.
The DSP computer system 80 also provides output com-
mands for modulation depth and output voltage frequency to
a three-phase sine wave reference generator 85, the output of
which is supplied to the comparator stage 83. The output of
the comparator is supplied to a low-pass filter and Schmitt
trigger circuit 87, which provides its output to a program-
mable logic array (PLA) switching function encoder circuit
88. The output signals from the encoder 88 are provided
back to the DSP system 80 which utilizes the signals as
shown in FIG. 16 to provide command signals to a delay and
gray-coder circuit 90, which also receives the high fre-
quency clock signal. A DSP-enable signal is provided from
the DSP computer system 80 to a protection circuit 92 which
provides an enable output to a programmable array logic
based gate signal generator 94, which also receives output
signals from the delay and gray-coder circuit 90. The output
of the gate signal generator 94 is provided to a line driver/
buffer circuit 96 which generates the output control signals
to the gate drives.

FIG. 17 is a block diagram illustrating the protection
circuit 92. The protection circuit receives the capacitor
voltages at gain/filter stages 98 which provides an output
signal V. to a comparator 99 that compares V. to a
maximum voltage reference V,-p,4x and puts out an over
voltage trigger signal on a line 100. This signal may be
supplied to the gate of the switch 59 illustrated in FIG. 2 to
provide braking action when an overvoltage of all capacitor
voltages is detected. The gain/filter stages 98 also provide a
minimum and maximum signals, representing the minimum
and maximum of the voltages on the capacitors, to a voltage
minimum comparator 102 and a voltage maximum com-
parator 103, the outputs of which are provided to an OR gate
104. A set of gain/filter stages 106 also receives the phase
currents I, and I,, and provides an output signal correspond-
ing to the maximum value of the phase currents to a
comparator 107 which compares that signal to a current
maximum signal I, .. The output of the comparator 107 is
also provided to the OR gate 104. The output of the OR gate
104 will thus go high when any one of the comparators 102,
103 or 107 goes high. The output of the OR gate 104 is
provided to another OR gate 110 which also receives a DSP
enable signal from the DSP computer system 80. The output
of the OR gate 110 is provided to a latch 111 which receives
as its input a manual on/off signal and provides an enable
signal at its output to the gate signal generator 94 when no
over—or under—voltages or over-currents are present.

FIG. 18 is a flow diagram showing the operation of the
DSP computer system 80 which carries out region detection
in space vector modulation. As illustrated in FIG. 18, the
target speed and voltage are provided at 112 to DSP based
reference generators 113. A comparison is made to deter-
mine whether the angle 6* is between 0 and 7/3 at 114; if
not, computations are made for 0* Zn/3 at 115 which are
provided for dwell time calculations at 117. If the angle is
within range at 114, a comparison is made for values of V_*
at 118 to determine if a first value is reached which indicates
region number 13 (block 119), which information is pro-
vided to the dwell times calculation 117. Otherwise com-
parisons are made at 120 for V, to determine if operation is
in region 12 (block 121), and if not, to determine at 123
whether operation is in region 2 (block 125), or region 1
(block 126), which determinations are again provided to the
dwell time calculations 117. The output of the dwell time
calculation 117 is provided to the voltage balancing algo-
rithm at 130, which provides output signals to the gate signal
generator.
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In the implementation of FIG. 18, the voltage reference is
derived from the reference modulation depth and angle as:

o e e e an
Vias = Vs + Vi = TVdcmnO

For m,*<0.77, sine-triangle PWM or two level space
vector modulation can be used to switch the inverter. For
0.77<m,*<1.155, the reference voltage vector can belong to
one of the twelve triangular regions shown in FIG. 7.

The reference voltage vector lies in one of the regions
13-18 of FIG. 7 for m, *<1.155, which corresponds to
over-modulation even for a conventional voltage source
inverter. As with two level space vector Nearest Three
Vector switching, space vector modulation is implemented
by calculating the dwell times at the voltage vectors forming
the vertices of the triangle to which the voltage vector
belongs. Thus, the dwell times are calculated at block 117
from:

Vs
Vs
T

18

V4(300) V,4(330) V4(210)
1 1 1

]

Ve(300) V,(330) V,(210)] [ 1
] \ls ]

where T=averaging interval. It can be shown that if the
region to which the reference voltage vector belongs is
detected correctly, the solutions satisfy 0=t,, t,1t;=1. Once
the dwell times are computed, the switching sequence can be
arranged as a linear combination of symmetric () and
anti-symmetric (f) sequences as shown in FIG. 19 where
a+p=1.

Unlike the conventional space vector modulation, the zero
voltage vector is not common to all triangles and so the
switching frequency cannot be minimized to the same extent
as with a two level space vector modulation and the har-
monic currents are higher. Of the redundant states (2,1,0)
and (3,2,1), that state is selected that will produce appro-
priate charging currents to balance the capacitor voltages.

The coefficient matrix for the dwell times calculation at
117 is dependent on the DC bus voltage, and preferably only
normalized values of the reference voltage and coefficient
matrix are used. This can lead to errors in the voltage
command that can, however, be removed by a closed loop
regulator. Determination of the region to which the reference
voltage vector belongs is computationally intensive. Both
angle and magnitude sensitive computations are required to
make a precise determination of the region. For instance, in
FIG. 18, part of the flow diagram for detecting the region to
which the reference belongs is shown. The constants
C,ys . .., Cg, for the reference generation at 113 are derived
from the shape of the hexagons of the four level inverter.
Also, normalized values of the reference voltages are used.

In addition to the problem of balancing the DC link
capacitor voltages, an additional concern with high power
drive systems is the harmonic current injection into the
utility power system. Because of regulatory standards (e.g.,
IEEE-519) which potentially penalize the use of equipment
that degrades the power system quality, a desirable feature
for multilevel drives is an ability to regulate the input
currents and thereby reduce harmonic current injection.

For the four-level (or higher level) inverter based drives
in accordance with the present invention, an active rectifier
32 may be utilized, an example of which is illustrated in
FIG. 19. The active rectifier utilizes switching devices 140
(e.g., IGBTs) which may be connected in the neutral
clamped inverter topology (similar to the inverter 45) by
diodes 141 connected to the intermediate nodes 40 and 41
between the series capacitors 36, 37 and 38. In this
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configuration, the controller 50 also provides output gating
signals to the gates of the switching devices 140. The neutral
point clamped rectifier 32 has the same switching states as
shown in FIG. 4 for the inverter 45. A four level rectifier of
this type can both regulate the utility input currents (thereby
reducing distortion) and concurrently balance the DC link
capacitor voltages. The inverter modulation may then, if
desired, be relatively unconstrained and can be optimized for
a particular drive application.

Rectifier current regulation consists of two stages: (i)
reference current generation, and (ii) scheduling of rectifier
switching events.

The phase current reference can be derived as:

i,*=L, cos(w.), i,*=L,, cos(wt-2n/3), i, *=I, cos(wt+2n/3) (19)
where the utility phase voltages are:
e,.=E,, cos(w.b),e,,=E, cos(w t-2n/3), e, =E, cos(w t+27/3) (20)

and o =2nf where f is the utility frequency=60 Hz. The
reference current phase magnitude (I,,,) is obtained as a sum
of two quantities: (i) the PI (proportional integral) regulation
of each capacitor voltage and (ii) the load feedforward term.
Therefore:

L=l +ln2,

where the DC bus regulation term is derived as:

3 21)
Ini = Z wi(kp(VCj = Vpcrer 13)+ kif(VCj(X) - VDC,ref/?’)dx]
0

=1

k,,, k; are the proportional and integral control constants, and
o, are biasing constants. The load feedforward component is
obtained by filtering the inverter output power so that the
transient response is improved.

22

- - P, S
Iz = ki Piny o a0 Py s = Ll{—()}

1+ sty

Where “L™'” is the inverse Laplace transform operation.

Regulating the utility currents determines which of the 37
voltage vectors of FIG. 4 the rectifier should select. The
criterion for selecting a voltage vector is that the angle
between the regulating voltage AV=E_, -V, and the cur-
rent error vector Al should be greater than 90°. However,
the rectifier should select a switching state (from among the
64) that will balance the link capacitor voltages. Switching
states of the rectifier differ a great deal in their properties.
S, states produce capacitor currents in one capacitor only;
S,, states produce currents of opposite polarity through the
inner and one outer capacitor; S, and S, states produce
equal currents through two and three capacitors,
respectively, and S5, and S5, states produce equal currents
through two capacitors while the current through the third
capacitor has the opposite polarity. The ability of the set of
switching states to regulate the input currents varies with the
magnitude of the voltages they produce. Therefore, finding
a single switching state to concurrently achieve both goals is
theoretically not guaranteed and, when possible, is very
computationally intensive. The control is simplified by cat-
egorizing rectifier switching events into two types: (i) volt-
age balancing priority switching, and (ii) utility current
regulation priority switching.

The control is based on the principle that when the utility
current errors are small, the rectifier should select those
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states that tend to balance the link voltages, and when the
current errors become large, those switching states are
selected which will reduce the current errors. This is the
basis of the “modified hysteresis” current control illustrated
in FIG. 20. Thus, in a time averaged sense, both of the
control objectives of the rectifier are achieved. In modified
hysteresis or double hysteresis band is current regulation,
two concentric bands 150 and 151 are defined around each
phase current reference 153. Increasing magnitude intersec-
tion of the phase currents with the inner tolerance band 151
schedules a voltage balancing priority switching event dur-
ing which only S,, and S,; states are considered. This is
because S;, states enable a very selective charging/
discharging of one particular capacitor whereas S,, states
permit charge to be transferred from an outer to an inner
capacitor. (Under normal operating conditions, the inverter
operates at a lagging power factor, which selectively dis-
charges the innermost capacitor.) For example, if i,>0, i,<O0,
i,,<0 and AV, 20, AV,=0, AV ;20 with the E_,,, AL,
and [, vectors as shown in FIG. 21, the regulating voltages
for those S, and S, , states are shown which balance the link
voltages. In this case state (211) is selected if
AV Z|AVe|, [AV|

Since the angle between the vector V(211) and E,, is less
than 90°, the current error will grow; however, when the
current error becomes greater than the magnitude of the
outer tolerance band 150, a current regulation priority
switching event is scheduled. In this case, S, states and S5,
states are selected which will regulate the current. For
example, for the locations of Al ,,1_, and E_, shown in
FIG. 22, any of the following S;, or S,; states could be
selected: (030), (130), (230), (320), (321) and (123).
However, state (030) is selected because it produces a
positive current through C, for which AV, was =0 in
addition to regulating the current fastest.

The inverter performs a redundant state selection when-
ever the inverter modulation permits it. Link voltage
balancing, however, is not affected when the inverter is
saturated. Also, complete bidirectional-real power flow is
possible. A block diagram showing the implementation of
the rectifier control is shown in FIG. 23. The voltages across
the DC bus capacitors 36,37 and 38, V., V,, and V., are
provided to a bank of low pass filters 155, the outputs of
which are passed through deadband circuits 156 before
being applied to summing junctions 157. The summing
junctions 157 also receive the target voltage value for the
capacitors, V,-*/3, and the difference between the target
voltage and the measured voltage from the output of the
summing junctions 157 is provided to a state selector 160.
The outputs of the summers 157 are also provided through
proportional-integral blocks 161 to a summer 162 which
also receives a low pass filtered power output signal from a
circuit 163. The output of the summing junction 162, [, is
provided to a multiplying junction 165. The other input to
the multiplying junction 165 is provided from a phase
locked loop 167 that is locked to the utility power system
voltage waveform. The output of the multiplying junction
165 is provided to a double hysteresis circuit 170 which also
receives signals corresponding to the three input phase
currents I, [, and I,. The output of the double hysteresis
circuit 178 is also provided to the state selector 160. The
state selector 160 thus uses the information from the double
hysteresis circuit 178 and the differentials from the junctions
157 to provide the gating signals H,, H,, and H,, to the active
devices within the rectifier 32.

In addition to the utilization of a passive rectifier as shown
in FIG. 2 or an active rectifier as shown in FIG. 19, both of
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which are directly connected between the source 30 and the
DC link capacitors 36, 37 and 38, the rectifiers may incor-
porate transformers at the input for isolation or a change in
voltage level. An example is shown in FIG. 24, in which an
isolation transformer 180 is connected to the three-phase
input lines 31 from the source 30, with the phase voltages on
the lines 31 being supplied to a three-phase primary 181 of
the transformer 180. Transformer 180 has three single phase
secondaries 182, each one of which is coupled to one of the
phase windings of the primary 181. The single phase output
of the secondary windings 182 is provided on lines 184 to
single phase rectifier bridges 185 composed of four diodes.
Linking reactors 186 are connected in the output from the
rectifier bridges 185 to prevent excessive regulation in the
DC voltages applied across the capacitors 36, 37 and 38 as
the load currents change. The primary to secondary turns
ratios may be selected to provide a desired equal DC voltage
level across each of the capacitors 36, 37 and 38. Because
each of the capacitors is separately supplied with DC voltage
from the three rectifiers, the voltages across the capacitors
will inherently tend to be balanced. Any unbalance caused
by unbalances in the phase currents from the source 30 or
due to unequal power drawn from the capacitors may be
compensated for utilizing the appropriate switching of the
active devices of the inverter 45 as discussed above to
rebalance the capacitor voltages.

An alternative configuration, which is particularly suited
to high power applications, is shown in FIG. 25, in which 3
three-phase transformers 190 have their primaries connected
in parallel to the input lines 31. The three-phase outputs of
the secondaries of each of the three-phase transformers 190
are provided to three-phase diode bridges 191. The output of
the bridges is provided across one each of the capacitors 36,
37 and 38, and linking reactors 192 may be connected in the
output from the rectifiers 191 as discussed above. Again, any
imbalances in the voltages across the capacitors 36, 37 and
38 may be compensated for by appropriate control of the
switching states of the inverter switching devices 60. The
implementation of FIG. 25 is not limited to three-phase input
power and may be extended to five level and higher level
inverters. The number of transformers 191 required will be
equal to the number of capacitors in the DC bus, e.g., four
transformers for a five level inverter. Nonetheless, by utili-
zation of the diode clamped inverter topology for the
inverter 45, the cost of such a drive is still lower than drives
which utilize cascaded H-bridges to implement multilevel
inverters. In general, the transformer supplying power to the
center capacitor 37 in the four level inverter topology (or the
single phase secondary for the transformer 180 of FIG. 24)
may require a is higher current rating and be thermally
oversized as compared to the other transformers (or single
phase secondaries).

It is understood that the invention is not limited to the
particular embodiments set forth herein as illustrative, but
embraces all such modified forms thereof as come within the
scope of the following claims.

What is claimed is:

1. A multilevel inverter system comprising:

(a) three DC bus capacitors connected in series at nodes
between the capacitors and with the series connected
capacitors connected across DC bus lines;

(b) an inverter connected to the DC bus lines and to the
nodes between the capacitors to be supplied with the
voltages therefrom, the inverter comprised of a plural-
ity of controlled switching devices connected in a
configuration to provide three-phase power on three
output lines and at four voltage levels on each output
line;
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(c) control means connected to the switching devices of
the inverter to control the switching of the same; the
control means controlling the switching of the switch-
ing devices to provide a selected output voltage wave-
form at the output lines; and

(d) a transformer having a three-phase primary coupled to
three separate single-phase secondaries, the primary
connected to receive three-phase power at AC input
lines, and a single-phase bridge rectifier connected to
each secondary to provide the rectified power there-
from across one of the DC bus capacitors.

2. A multilevel inverter system comprising:

(a) three DC bus capacitors connected in series at nodes
between the capacitors and with the series connected
capacitors connected across high and low DC bus lines;

(b) an inverter connected to the high and low DC bus lines
and to DC bus lines connected to the nodes between the
capacitors to be supplied with the voltages therefrom,
the inverter comprised of a plurality of controlled
switching devices connected in a configuration having
redundant switching states to provide three-phase
power on three output load lines and at four voltage
levels on each output line; and

(c) control means receiving signals indicative of the
voltages across the DC bus capacitors and load currents
on the output lines and connected to the switching
devices of the inverter to control the switching of the
same, the control means using the signals indicative of
the voltages and currents at each switching event for
controlling the switching of the switching devices to
provide a selected output voltage waveform at the
output lines utilizing redundant switching states when
such states are available to select one of the available
redundant switching states that serves to provide the
desired phase-to-phase voltages and to tend to equalize
the voltages across the DC bus capacitors, wherein the
control means determines which switching state to
utilize of the available switching states by evaluating
the quantity Q=AV 1;+AV,L+AV ;15 for each
available switching state and selecting one of the
available redundant switching states for which the
quantity Q is 20, wherein AV, AV, and AV, are
the respective differences between the measured volt-
age across each capacitor and the nominal voltage
across each capacitor, and I,, I,, and I are currents
flowing through DC bus lines to the inverter deter-
mined for the load currents and the available switching
states.

3. The inverter system of claim 2 wherein the control
means controls the inverter to switch the switching devices
to provide a pulse-width modulated waveform of the voltage
on the phase output lines.

4. The inverter system of claim 2 wherein there are three
DC bus capacitors connected in series, two outer capacitors
and one inner capacitor, and wherein at modulation depths
at which sufficient redundant states are not available to
effectively equalize all of the capacitor voltages, the control
means controls the switching devices utilizing one of the
available redundant states that transfers charge from the
outer capacitors to the inner capacitor.

5. The inverter system of claim 2 wherein the inverter
comprises the controlled switching devices and a plurality of
diodes connected in a diode clamped multilevel inverter
configuration.

6. The inverter system of claim 2 wherein the control
means controls the switching devices to switch under sine-
triangle pulse-width modulation for modulation depths m,,
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less than a selected value and under space vector modulation
for modulation depths m, greater than the selected value
where

Vph,pk

m, =
Vpc/2

and V,, ., is the load phase peak voltage and V- is the
voltage across the high and low DC bus lines.

7. The inverter system of claim 6 wherein the selected
value of m, is about 0.7.

8. The inverter system of claim 2 further including a
rectifier connected to the high and low DC bus lines and
having AC input lines to convert AC input power at the input
lines to a DC voltage at the DC bus lines.

9. The inverter system of claim 8 wherein the rectifier
further is connected to the nodes between the DC bus
capacitors to provide intermediate DC voltages across each
capacitor.

10. The inverter system of claim 9 wherein the rectifier
includes a plurality of controlled switching devices and
diodes and wherein the control means is connected to the
controlled switching devices to control the same, the switch-
ing devices and diodes connected in the rectifier in a
diode-clamped rectifier configuration and wherein the con-
trol means provides control signals to the switching devices
to switch the switching devices to provide selected DC
voltages across the DC bus capacitors.

11. The inverter system of claim 10 wherein the rectifier
switching devices are switched in accordance with a hys-
teresis current control scheme to generate substantially unity
displacement power factor input currents at the AC input
lines.

12. The inverter system of claim 9 further including a
transformer having a three-phase primary coupled to three
separate single-phase secondaries, the primary connected to
receive the three-phase power at the AC input lines, wherein
the rectifier comprises a single-phase bridge rectifier con-
nected to each secondary to provide the rectified power
therefrom across one of the DC bus capacitors.

13. The inverter system of claim 9 further including plural
three-phase transformers, each having primaries connected
to receive AC power at the AC input lines and each having
three-phase secondaries, and a three-phase rectifier con-
nected to the secondary of each transformer and connected
to provide a DC voltage across one of the DC bus capacitors.

14. A method of balancing the voltages on the DC bus
capacitors connected to a multilevel inverter that provides
multilevel three-phase power on output lines, wherein at
least three DC bus capacitors are connected in series at
nodes between the capacitors with the three series capacitors
connected across high and low DC bus lines, the inverter
connected to the high and low DC bus lines and to inter-
mediate bus lines connected to the nodes between the
capacitors to be supplied with the voltages therefrom and
wherein the inverter is comprised of a plurality of controlled
switching devices and diodes connected in a configuration
having redundant switching states to provide three phase
power on three output lines and at at least four voltage levels
on each output line, comprising the steps of:

(2) monitoring signals indicative of the voltages across the
DC bus capacitors and the load currents on the output
lines; and

(b) switching the switching devices of the inverter to
provide a desired output voltage waveform at the
inverter output lines utilizing redundant switching
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states when such states are available on each voltage
transition by using the signals indicative of the voltages
and currents to select one of the available redundant
switching states that serves to provide the desired
phase-to-phase voltages and to tend to equalize the
voltages across the DC bus capacitors, wherein there
are at least two outer DC bus capacitors and an inner
DC bus capacitor, and wherein at modulation depths at
which sufficient redundant states are not available to
effectively equalize all of the capacitor voltages, the
switching devices are switched utilizing one of the
available redundant states that transfers charge from the
outer capacitors to the inner capacitor.
15. A multilevel inverter system comprising:

(a) three DC bus capacitors connected in series at nodes
between the capacitors and with the series connected
capacitors connected across high and low DC bus lines;

(b) an inverter connected to the high and low DC bus lines
and to DC bus lines connected to the nodes between the
capacitors to be supplied with the voltages therefrom,
the inverter comprised of a plurality of controlled
switching devices connected in a configuration having
redundant switching states to provide three-phase
power on three output load lines and at four voltage
levels on each output line; and

(c) control means receiving signals indicative of the
voltages across the DC bus capacitors and load currents
on the output lines and connected to the switching
devices of the inverter to control the switching of the
same, the control means using the signals indicative of
the voltages and currents at each switching event for
controlling the switching of the switching devices to
provide a selected output voltage waveform at the
output lines utilizing redundant switching states when
such states are available to select one of the available
redundant switching states that serves to provide the
desired phase-to-phase voltages and to tend to equalize
the voltages across the DC bus capacitors, wherein the
control means determines which switching state to
utilize of the available switching states by evaluating
the quantity Q=max {AV_;i.;, AV 5., AV s} for
each available switching state and selecting one of the
available redundant switching states for which the
quantity Q is =0, wherein AV_;, AV_,, and AV ; are
the respective differences between the measured volt-
age across each capacitor and the nominal voltage
across each capacitor, and i, i, and i are the
currents flowing through the respective capacitors
determined for the load currents and the available
switching states.

16. The inverter system of claim 15 wherein the control

means selects the one of the available redundant switching
states for which the quantity Q is most negative.

17. A multilevel inverter system comprising:

(a) at least three DC bus capacitors connected in series at
nodes between the capacitors and with the series con-
nected capacitors connected across high and low DC
bus lines;

(b) an inverter connected to the high and low DC bus lines
and to DC bus lines connected to the nodes between the
capacitors to be supplied with the voltages therefrom,
the inverter comprised of a plurality of controlled
switching devices connected in a configuration having
redundant switching states to provide three-phase
power on three output load lines and at least four
voltage levels on each output line; and
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(c¢) control means receiving signals indicative of the
voltages across the DC bus capacitors and load currents
on the output lines and connected to the switching
devices of the inverter to control the switching of the
same, the control means using the signals indicative of
the voltages and currents at each switching event for
controlling the switching of the switching devices to
provide a selected output voltage waveform at the
output lines utilizing redundant switching states when
such states are available to select one of the available
redundant switching states that serves to provide the
desired phase-to-phase voltages and to tend to equalize
the voltages across the DC bus capacitors, wherein the
control means controls the inverter to switch the
switching devices under sine-triangle pulse-width
modulation when redundant states are available and to
switch the switching devices in accordance with space
vector modulation when redundant switching states are
not available.

18. The inverter system of claim 17 wherein the space

vector modulation is four level space vector modulation.

19. A multilevel inverter system comprising:

(a) at least three DC bus capacitors connected in series at
nodes between the capacitors and with the series con-
nected capacitors connected across high and low DC
bus lines;

(b) an inverter connected to the high and low DC bus lines
and to DC bus lines connected to the nodes a between
the capacitors to be supplied with the voltages
therefrom, the inverter comprised of a plurality of
controlled switching devices and diodes connected in a
diode clamped multilevel inverter configuration to pro-
vide three-phase power on three output lines and at at
least four voltage levels on each output line; and

(c) control means connected to the switching devices of
the inverter for controlling the switching of the switch-
ing devices to provide a selected output voltage wave-
form at the output lines, wherein the control means
controls the switching devices to switch under pulse-
width modulation for modulation depths m,, less than a
selected value and under space vector modulation for
modulation depths m,, greater than the selected value
where

ph,pk

\4
m, =
Vpc/2

and V,, . is the load phase peak voltage and V. is the
voltage across the high and low DC bus lines.

20. The inverter system of claim 17 wherein the selected
value of m, is about 0.7.

21. The inverter system of claim 19 wherein the pulse
width modulation is sine-triangle pulse-width modulation
and the space vector modulation is four level space vector
modulation.

22. A method of balancing the voltages on the DC bus
capacitors connected to a multilevel inverter that provides
multilevel three-phase power on output lines, wherein at
least three DC bus capacitors are connected in series at
nodes between the capacitors with the three series capacitors
connected across high and low DC bus lines, the inverter
connected to the high and low DC bus lines and to inter-
mediate bus lines connected to the nodes between the
capacitors to be supplied with the voltages therefrom and
wherein the inverter is comprised of a plurality of controlled
switching devices and diodes connected in a configuration
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having redundant switching states to provide three phase
power on three output lines and at least four voltage levels
on each output line, comprising the steps of:

(a) monitoring signals indicative of the voltages across the
DC bus capacitors and the load currents on the output
lines; and

(b) switching the switching devices of the inverter to
provide a desired output voltage waveform at the
inverter output lines utilizing redundant switching
states when such states are available on each voltage
transition by using the signals indicative of the voltages
and currents to select one of the available redundant
switching states that serves to provide the desired
phase-to-phase voltages and to tend to equalize the
voltages across the DC bus capacitors, wherein the
switching devices are switched under sine-triangle
pulse-width modulation when redundant states are
available and switched in accordance with space vector
modulation when redundant switching states are not
available.

23. The method of claim 22 wherein the space vector

modulation is four level space vector modulation.

24. A method of controlling an n level inverter system of
the type having (n-1) DC bus capacitors connected in series
across high and low DC bus lines, wherein n is at least four,
and an inverter connected to the high and low DC bus lines
and to DC bus lines connected to the nodes between the
capacitors, the inverter comprised of controlled switching
devices and diodes connected in a diode-clamped multilevel
inverter configuration to provide three-phase power on three
output lines at n voltage levels on each output line, com-
prising the steps of:

(a) monitoring signals indicative of the voltages across the
DC bus capacitors and the load currents on the output
lines; and

(b) controlling the switching of the switching devices to
provide a selected output voltage waveform at the
output lines using redundant switching states when
such states are available on each voltage transition, and
determining which state to utilize by evaluating the
quantity Q=max {AV,, i, AVsi s, ..., AV ¢ 4561}
for each available switching state and selecting one of
the available redundant switching states for which the
quantity Q is =0, wherein AV ;, AV ,, ..., AV 4, 4
are the respective differences between the measured
voltage across each capacitor and the nominal voltage
across each capacitor, and icy, iy, - - - 5 i, 1y are the
currents flowing through the respective capacitors for
the load currents and the available switching states.

25. The method of claim 24 wherein the one of the
available switching states is selected for which Q is most
negative.

26. The method of claim 24 wherein n is four.

27. A method of balancing the voltages on the DC bus
capacitors connected to a multilevel inverter that provides
multilevel three-phase power on output lines, wherein three
DC bus capacitors are connected in series at nodes between
the capacitors with the three series capacitors connected
across high and low DC bus lines, the inverter connected to
the high and low DC bus lines and to intermediate bus lines
connected to the nodes between the capacitors to be supplied
with the voltages therefrom and wherein the inverter is
comprised of a plurality of controlled switching devices and
diodes connected in a configuration having redundant
switching states to provide three phase power on three
output lines and at four voltage levels on each output line,
comprising the steps of:
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(2) monitoring signals indicative of the voltages across the
DC bus capacitors and the load currents on the output
lines; and

(b) switching the switching devices of the inverter to
provide a desired output voltage waveform at the
inverter output lines utilizing redundant switching
states when such states are available on each voltage
transition by using the signals indicative of the voltages
and currents to select one of the available redundant
switching states that serves to provide the desired
phase-to-phase voltages and to tend to equalize the
voltages across the DC bus capacitors, wherein the
switching state to be utilized of the available switching
states is determined by evaluating the quantity Q=AV .,
I,+AV ., L+AV; I, for each available switching state
and selecting one of the available redundant switching
states for which the quantity Q is =0, wherein AV,
AV, and AV are the respective differences between
the measured voltage across each capacitor and the
nominal voltage across each capacitor, and I, I, and I,
are currents flowing through the DC bus lines to the
inverter determined for the load currents and the avail-
able switching states.

28. The method of claim 27 wherein the switching devices
are switched to provide a pulse-width modulated waveform
of the voltage on the phase lines.

29. The method of claim 27 wherein the inverter has the
switching devices and a plurality of diodes connected in a
diode clamped multilevel inverter configuration.

30. The method of claim 27 wherein the switching devices
are switched under sine-triangle pulse-width modulation for
modulation depths m, less than a selected value and under
space vector modulation for modulation depths m,, greater
than the selected value, where

my = Von,pk
Vpe/2

and V,, ., is the load phase peak voltage and V- is the
voltage across the high and low DC bus lines.

31. A multilevel invert system comprising:

(2) n-1 DC bus capacitors connected in series at nodes
between the capacitors and with the series connected
capacitors connected across high and low DC bus lines
wherein n is a selected number of output voltage levels
for the inverter and is at least four;

10

15

20

25

30

35

40

24

(b) an inverter connected to the high and low DC bus lines
and to DC bus lines connected to the nodes between the
capacitors to be supplied with the voltages therefrom,
the inverter comprised of a plurality of controlled
switching devices and diodes connected in a diode
clamped multilevel inverter configuration to provide
three-phase power on three output lines and at n voltage
levels on each output line; and

(c) control means receiving signals indicative of the
voltages across the DC bus capacitors and load currents
on the output lines and connected to the switching
devices of the inverter to control the switching of the
same, the control means using the signals indicative of
the voltages and currents at each switching event for
controlling the switching of the switching devices to
provide a selected output voltage waveform at the
output lines utilizing redundant switching states when
such states are available to select one of the available
redundant switching states that serves to provide the
desired phase-to-phase voltages and to tend to equalize
the voltages across the DC bus capacitors, wherein the
control means determines which switching state to
utilize of the available switching states by evaluating
the quantity Q=max {AV i ;, AV 5i,, ..., AV, 1
ic(n—l)} for each available switching state and selecting
one of the available redundant switching states for
which the quantity Q is =0, wherein AV _;, AV ,, . . .,
AV .1y are the respective differences between the
measured voltage across each capacitor and the nomi-
nal voltage across each capacitor, and i_j, i, . . - ,
Io(n-1y are the currents flowing through the respective
capacitors determined for the load currents and the
available switching states.

32. The inverter system of claim 31 wherein the control
means controls the switching devices to switch under sine-
triangle pulse-width modulation for modulation depths ma
less than a selected value and under space vector modulation
for modulation depths ma greater than the selected value.

33. The inverter system of claim 31 wherein n is equal to
four.

34. The inverter system of claim 31 wherein the control
means selects the one of the available redundant switching
states for which the quantity Q is most negative.
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